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www.nature.com/scientificreports www.nature.com/scientificreports/ Tropical forests contain Earth's highest levels of biodiversity. Over 250 tree species ≥10 cm diameter can be found in a 1-ha plot of the continental lowland tropics, whereas a similar area in the most diverse temperate broadleaf forest may hold 20-30 species 1, 2 . Within such hyperdiverse tropical forests, however, patches occur that are dominated by a single tree species (hereafter "monodominant"). The earliest reports of tropical monodominant forests in the Amazon Basin were given by the explorers Spruce and Wallace [3] [4] [5] , who noted forests highly dominated by Eperua purpurea Benth. and E. leucantha Benth. on the white sands of the Upper Rio Negro Basin. Later Hamilton-Rice 6 discovered large stands dominated by Peltogyne gracilipes Ducke (Fabaceae) during a 1924-25 expedition to northern Brazil. These perplexing single-dominant forests did not fit the traditional perception of uniformly tree-diverse tropical forests 6 . Similarly, the botanical explorer J. G. Myers, on his trek through the Pakaraima Mountains of then British Guiana, observed forests heavily dominated by either Peltogyne sp., Micrandra glabra Schultes (Euphorbiaceae), or multi-stemmed Dicymbe corymbosa Spruce ex. Benth. (Fabaceae) 7 . Monodominance has since been documented in all the tropical regions [8] [9] [10] [11] [12] [13] . A stand has traditionally been considered monodominant when the number of canopy-level trees belonging to the same species is ≥60% 9, 14 . Monodominant forests are "persistently dominant" when the dominant species dominates all strata/ age classes in the stand, and will remain monodominant through time (i.e. late-successional, and not being a dominant, but transient, earlier successional stage). www.nature.com/scientificreports www.nature.com/scientificreports/ Several mechanisms have been suggested to explain monodominance but a full understanding has yet to be achieved. Monodominance remains a topic of intensive research with controversial findings e.g. 15, 16 . The term 'classical monodominance' was introduced by Peh 17 and is defined as the occurrence of monodominant forests with environmental conditions similar to those of adjacent mixed-forests. Several studies, however, have revealed environmental differences between these forests, previously undetected. For example, soil nutrient or moisture availability may vary between monodominant and mixed forests 10, 11, 13, [18] [19] [20] [21] . Conversely, other studies have indicated that soil characteristics cannot alone explain monodominance 13, [22] [23] [24] [25] [26] . Peh et al. 15 summarized several of these contrasting studies on different continents and constructed a conceptual mechanistic framework that could explain monodominance in tropical forests. They suggested that monodominance is likely to emerge under a combination of mechanisms. Furthermore, the combination of traits and mechanisms leading to monodominance can differ between tree species and tropical areas 11, 16, 21, 24 . Peh et al. 15 hypothesized potential pathways to monodominance as based on two well-studied monodominant systems. The first pathway was based on the Afro-tropical, ectomycorrhizal (EM), monodominant canopy tree Gilbertiodendron dewevrei (De Wild.) J. Léonard. The most important mechanisms described for this species were based on seedling shade-tolerance and slow decomposition of leaves, resulting in deep leaf litter. Slow decomposition and deep leaf litter affect soil nutrient cycling and could negatively influence the survival of individuals of many species. These conditions could be advantageous for large seeded trees because they have more reserves for germination 11 . Trees with large seeds also tend to have shade-tolerant seedlings; seedlings of G. dewevrei are well adapted to the heavily shaded understory, resulting in a competitive advantage over non-shade tolerant pioneer species 11, 14 . While not fully considered by Peh, et al. 15 , it is well-established that G. dewevrei adults are heavily EM throughout their trans-Congo range and that seedlings of the species share many EM fungal symbionts with their parents 27 . Gilbertiodendron dewevrei, under a minimal disturbance regime, could attain monodominance, as is described by the mechanisms of Peh, et al. 15 . This pathway was further examined by Kazmierczak, et al. 16 , who constructed a model demonstrating that species can obtain monodominance by possessing the intrinsic traits of seeds with large mass and low dispersibility.
The second example pathway was based on Dicymbe corymbosa, a Neotropical species. This species is a mast fruiting tree, which shows coppicing (the formation of sprouts at the base of the tree or on the roots) of shoots and roots 28 . It has been suggested that there is a link between mast seeding and EM associations that would lead to satiation of seed predators and increased seedling densities [29] [30] [31] . Henkel 23 indicated that EM associations might also promote coppicing of shoots and roots by enhancing host plant nutrient supplies. Peh et al. pointed out that such positive feedbacks could, over time, result in the dominance of a tree species via competitive exclusion 15 . While documented examples of monodominant forests exist for the South American tropics, almost all cases are currently known from the Guiana Shield of the region's northeast. Given the immensity of greater Amazonia, it begs the questions of how widespread monodominant forests might be, what tree species are involved, where they occur, and what environmental drivers are involved.
Here we examine the occurrence of monodominance within the context of a large plot network in Amazonia, the single largest, and arguably the richest, tropical forest on earth (Fig. S1 ). In line with the earlier concept of hyperdominance 32 , which was defined by the most common species that make up half of all trees across a region, here we call a site monodominant when a single species of tree constitutes more than half of the individual trees ≥10 cm diameter at breast height (dbh) in a stand of ~1 ha. Questions addressed were: (1) How common or rare is monodominance in Amazonia? (2) Which tree species can become monodominant? (3) Does monodominance occur more frequently in certain families? (4) Which traits characterize monodominant species? (5) In which www.nature.com/scientificreports www.nature.com/scientificreports/ regions do monodominant trees occur? and, 6) What environmental factors may drive monodominance? Given the paucity of published records from Amazonia, we tested not only for monodominance but also for lower dominance levels. As possible causes of monodominance, we investigated four main mechanisms: 1) Competitive exclusion. Monodominant forest in the tropics may develop when the forest does not experience large-scale disturbance over a long time period 9 . This mechanism is based on a study of Eggeling 33 , who compared tropical rainforest in Uganda in different successional stages. Eggeling showed that over the years, when no disturbance occurred, colonizing stands developed into climax stands with low species diversity, dominated by a few shade-tolerant species. This study led to the development of the intermediate-disturbance hypothesis (IDH) 34 . The IDH posits that a lack of (internal or external) disturbance leads to unconstrained succession and finally competitive exclusion, where the species that is best adapted to the environmental conditions will out-compete all other species and attain dominance 34, 35 . Under such a mechanism, lowland tropical rainforests typically would not reach this endpoint due to frequent but spatiotemporally stochastic canopy-disturbing tree falls that allow influx of early-successional species into local gap areas, overall promoting persistence of high tree alpha-diversity. The IDH has been supported by evidence in some tropical rain forests 36, 37 but may have little effect on actual tree diversity 38 . If a lack of disturbance leads to competitive exclusion, we expect highest dominance in mature forests with the lowest numbers of pioneer species. 2) Traits linked to above ground competition for light and space. Functional traits may indicate a species-specific ecological strategy. For example, seed size and wood density give an indication of a species' mode of establishment, growth rate, and survival, and have been used to characterize pioneer versus climax species 37, 39 . If multiple functional traits of a monodominant species differ from those of non-dominant species, they could indicate a distinctive strategy leading to monodominance. However, if the functional traits differ between monodominant species, this would suggest that different mechanisms drive the trajectory to dominance 9 . Other hypotheses for monodominance are associated with specific competitive traits, such as seed size, where large seeds have low dispersal ability and seedlings establish near parent trees, leading to conspecific replacement over time 11, 16 . Furthermore, the deep litter layers that have been found in monodominant forests could act as a physical barrier for seedling establishment, where large seeds have an advantage over small-seeded species, as they have ample reserves to germinate and establish root systems 11 . However, small-seeded monodominant species have also been documented, and studies have shown that deep leaf litter does not always affect seedling establishment of non-dominant species. This suggests that large seeds could be a contributing, but not the sole, trait for monodominance 15, 40 . The formation of coppices has been linked to monodominance 23, 28, 41, 42 . Coppicing involves the formation of multiple shoots at the base of the tree's stem or from the root system in the absence of major crown injury. The phenomenon allows an individual to persist indefinitely in one location, as one or more shoots may take over when the original stem dies. However, coppicing has so far been found only in a handful of species of a few Amazonian tree genera. If competitive traits lead to monodominance we expect highest dominance by species with traits that are linked with competitive ability.
3) Competitive traits linked to root-soil interactions.
A prominent hypothesis for how monodominance can emerge involves EM symbiosis creating a nutritional advantage for an EM-monodominant tree species www.nature.com/scientificreports www.nature.com/scientificreports/ with regard to establishment and survival 9, [43] [44] [45] [46] . The EM association consists of a mutualistic symbiosis between plant roots and fungi in which soil nutrients are provided by the fungus to the plant. It is striking that although most tropical trees are arbuscular mycorrhizal (AM), many monodominant tree species have EM associations 47, 48 . The mechanisms behind this relationship are still not fully understood, but most likely involve plant-soil feedback mechanisms in which the local soil-litter conditions are altered in ways favouring the dominant EM tree species 9, 18, 44, 49 . While both EM and AM fungi are dependent on their host plant for carbohydrate nutrition, and must obtain soil mineral nutrients for transfer to the plant, EM fungi have the enzymatic capacity to access organic forms of mineral nutrients directly from litter while avoiding major cellulolysis 50 . In systems dominated by EM plants, this mechanism would leave little for AM fungi, which are dependent on mineralized forms of nutrients for uptake. This implies direct competition between these fungi for mineral nutrients 50, 51 . As a result, EM fungi may lead to slower overall decomposition (by mining of organic minerals and thus reducing the rate of saprotrophic cellulolysis) and reduced mineral nutrient availability for AM trees, this giving EM trees a competitive advantage 9, 52 . Reliance on the "EM mechanism" to explain tropical monodominance is, however, fraught with difficulties, as (1) EM is not exclusively found in monodominant species; (2) monodominant species also occur without EM; (3) some monodominant species possess a combination of EM and AM; and (4) EM may not necessarily slow decomposition rates in tropical forests 18, 44, 53, 54 . Therefore, we also tested other root-soil interactions including nitrogen (N-) fixation and aluminium accumulation that have yet to be linked to monodominance but could confer competitive advantages on nutrient poor or toxic soils. In the tropics, N-fixation occurs primarily in Fabaceae. While fixation leads to higher nitrogen in leaves of N-fixing species, especially in the wet tropics 55 , N-fixing Fabaceae do not dominate the most oligotrophic Amazonian www.nature.com/scientificreports www.nature.com/scientificreports/ ecosystems 56 , instead appear to have the greatest advantage in tropical dry successional forests 57 . Aluminium accumulation is found predominantly in a select number of families (e.g. Rubiaceae, Melastomataceae, Myrtaceae and Vochysiaceae [for Amazonian families]) [58] [59] [60] [61] , including a relation with monodominance (Vochysia divergens) in wet areas in the Brazilian Pantanal 62 . Large numbers of non-monodominant aluminium accumulators are found in the dry Cerrado areas e.g. 61 . If root-soil interactions are important drivers of competition, we expect EM, nodulating or aluminium accumulating species to be monodominant more frequently than expected by chance. 4) Area. All Amazon soil types present one or more stress factors to trees. For example, white sand soils are often dry and always low in nutrients, igapó and várzea both experience a single pulse of short to longterm flooding (up to 300 days), igapó soils are nutrient poor, várzea soils are nutrient rich, swamp soils are nearly permanently flooded or waterlogged with low oxygen tension, and terra firme soils are high in potentially toxic iron and aluminium. Because of several trade-offs, a tree species cannot be a good competitor on all of these soils e.g. 63, 64 . Consequently, most common Amazonian tree species have a demonstrable preference for one of these soil types 32 . These tests often fail for rare species, either because they are non-preferential or are too infrequent to allow for a quantitative test 32 . With an assumption that all species in Amazonia have a near perfect habitat preference, we should expect that the total area of the soil types (and their level of fragmentation) has an effect on their tree species richness, with larger areas having more species [65] [66] [67] . Thus, a fourth possible mechanism for monodominance could be related to species-area relationships, where area is a controlling factor for species richness and dominance 66, 68 . If the area of a distinct 'edaphic forest type' controls species richness, we expect monodominance to be more often found in plots in forests types that are small in total areal extent.
Because domestication has previously been linked to dominance in Amazonia 69 , we also investigated whether domesticated species are linked to monodominance.
Results
Only 50 plots (2.6% of all plots) had levels of dominance over 50% of individuals >10 cm dbh of a single tree species (Fig. 1A) ). The great majority of species (4863, 97%) did not attain 20% dominance or more. Stand-level dominant species, thus, account for a tiny minority of the tree species in Amazonia (Fig. 1B) . Data by species and plot are given in Appendix S1.
Twelve out of 117 tree families had species which showed monodominance: Annonaceae, Arecaceae, Bignoniaceae, Euphorbiaceae, Fabaceae, Lamiaceae, Lecythidaceae, Malvaceae, Moraceae, Phyllanthaceae, Polygonaceae, Vochysiaceae (Appendix S2). Although Fabaceae species are a very prominent component of Amazonian forests 32 , the family had only seven monodominant species in the plots (Machaerium hirtum, Spirotropis longifolia, Eperua falcata, Dicymbe corymbosa, Mora excelsa, Macrolobium multijugum, Tachigali vaupesiana). Although this was the highest number of monodominant species by family, the number was not higher (nor lower) than expected by chance based on the number of species of Fabaceae in all plots (780). Arecaceae species are among the most hyperdominant in Amazonia 32 and had five monodominant species in the plots (Mauritia flexuosa, Euterpe oleracea, Astrocaryum macrocalyx, Attalea speciosa, Astrocaryum murumuru). The www.nature.com/scientificreports www.nature.com/scientificreports/ randomization tests suggested that the number of families found with monodominant species did not deviate from a random expectation, except in the case of dominance over 20% and over 80%. Subsequent tests with Bonferroni correction suggested that only Arecaceae and Bignoniaceae have more species with dominance higher than 20% and only Vochysiaceae higher than 80%. Thus with monodominance defined at 50% or higher no family has more monodominant species than expected by chance. Based on the tests with Bonferroni correction alone Arecaceae showed more often dominance from 20-50%. There was no consistent family pattern in the dominance classes of 60% and higher.
Dominance by plot appeared affected by the percentage of pioneer species (Fig. 2) . While there was a weak (but significant) linear relationship between the two variables (p ≪ 0.001), maximum dominance appeared constrained more by a larger number of pioneers, as exemplified by a quantile regression for the upper 10% of the data (Tau = 0.9, p = 0.035), than did the average dominance (Fig. 2) . Monodominance was found only on plots with less than 0.8% pioneers. However, this result was influenced by the low number of observations that had a high abundance of pioneers. We resampled the data 10,000 times taking 40 plots randomly from the ranges 0; 0-0.2; 0.2-0.4; 0.4-0.6; 0.6-0.8 and over 0.8% of pioneers. The average slope of the upper 10% quantile was -9.2, still showing a negative relationship but the 95% c.i. of the mean included also zero slope. Hence we could not detect a significant relationship between percentage of pioneers and maximum dominance.
Community weighted wood density and community weighted seed mass class had little effect but the average maximum dominance was highest with the lowest and highest values of each, consistent with the traits being part of the pioneer-climax continuum (Fig. 3) . Monodominance was found in 14 genera, EM in ten, nodulation in 66, aluminium accumulation in 35, and coppicing in five (Dimorphandra, Dicymbe, Euterpe, Pentaclethra, and Spirotropis). The combination of monodominance and EM was found in Dicymbe (p = 0.16); monodominance and nodulation in the three genera Machaerium, Spirotropis, and Tachigali (p = 0.46); monodominance and aluminium accumulation in Ruizterania (p = 0.35), and monodominance and coppicing in two genera (Dicymbe and Spirotropis, p = 0.007). Thus, in our data, the only ecological trait significantly linked to monodominance was coppicing. On 201 plots one of the 85 recognized Amazonian domesticated species 69 was the most abundant species (Appendix S3). In almost all cases (173 plots) and in all cases with a dominance over 30% this most dominant species was an Arecaceae species (Appendix S3). Theobroma cacao was the most dominant species on 10 plots.
The highest percentages (outliers) of trees belonging to potential EM genera were found in white sand forest (PZ) and/or the Guiana Shield (Fig. 4) . This forest type and region had both the highest median values as well as most of the high values for percentage EM. However, forest type explained only 2.6% (p ≪ 0.001) of the variation in EM percentage, and region 1.1% (p ≪ 0.001).
Maximum dominance was highest on those soil types with the smallest area in Amazonia (Fig. 5A) . Each of the smaller forest types had higher median maximum dominance than terra firme. Forest type explained 28% (p ≪ 0.001) of the maximum dominance by plot (ANOVA). Median dominance was strongly related (power function) to area (Fig. S5) . Region had only a very small effect (3% explained variation, p ≪ 0.001, Fig. 5B ).
Discussion
Monodominance (defined here as ≥50% of individuals ≥10 cm dbh in a stand belong to a single tree species) appears to be quite rare over the greater Amazonian region. In the ATDN analysis presented here, a very small percentage of all plots (2.6%) and species (0.5%) exhibited monodominance by the above definition, and even less, at 1.0% and 0.3%, respectively, under the definition of classical monodominance sensu Peh, et al. 15 . Even dominance between 20% and 50% was not common. The overall scarcity of monodominance at plot and species level may partially be a reflection of lack of specific sampling throughout the ATDN dataset. If tree plots were not set up to capture stands with clearly dominant tree species but rather set up to capture tree-diverse forest types, the dominant stands would be "missed". Some ATDN plots, however, were set up to study monodominance, such as those dominated by Brosimum rubescens 13 , Dicymbe corymbosa 23 , Spirotropis longifolia 42 and studies of plant communities in white sand systems of Guyana and Suriname 71 . In general we believe most plots were not selected on the basis of selecting or avoiding monodominance. Records do exist for some dominant tree species that were not confirmed as monodominant or were not captured in the ATDN plot data. For example, Dicymbe altsonii and Dicymbe jenmanii are each dominant to monodominant in parts of Guyana 46, 72, 73 , as well as Pakaraimaea dipterocarpacea in W. Guyana/E. Venezuela 72, 74 , Aldina spp. in N. Brazil/S. Venezuela/W. Guyana [75] [76] [77] [78] , and Pseudomonotes tropenbosii in E. Colombia (Aida Vasco-Palacios pers. comm.). All of these genera are confirmed EM 46, 75 . Several ATDN plots have been established in peat swamps, the habitat type that probably accounts for the largest area of monodominant forests in Amazonia, within which only Mauritia flexuosa and Pachira nitida were able to attain monodominance 79 . Micrandra spp. (Euphorbiaceae) are also known to strongly dominate poorly-drained soils in W. Guyana 80, 81 , T.W. Henkel pers. obs. and adjacent Venezuela 82 . All told, the overall ranking of dominance suggests a rather smooth transition across all dominance levels (Fig. 1) .
Only two families had more species at dominance classes over 20% than expected by chance. The most consistent family with significant dominance (based on Bonferroni correction alone) from 20% to 50% is Arecaceae, including 20/74 species in our data. This is consistent with Arecaceae also having a five times higher than expected number of hyperdominant species 32 , reflecting their regularly high local dominance. Palms may reach high dominance because they are competitive in large wet areas but they must also be fairly resistant to frequency dependent mortality, as should other hyperdominant and monodominant species. For all other families the monodominance level is rather unpredictable, so we have no reason to suggest that certain families have a predisposition for monodominance in Amazonian forests.
Disturbance, as measured by its proxy pioneer abundance, and traits related to the pioneer-climax continuum had no significant effect on dominance or diversity, contrary to findings in an earlier Afro-tropical study in Ghana 38 and a study of the effects of gap-scale disturbance in Amazonian forest that found a very small effect of (2019) 9:13822 | https://doi.org/10.1038/s41598-019-50323-9
www.nature.com/scientificreports www.nature.com/scientificreports/ disturbance on diversity or dominance 83 . Two French Guiana studies that used pioneer species as surrogates for disturbance regime found a stronger relationship 36, 84 . Thus as in our data monodominance was only observed in plots with very low abundance of pioneers (Fig. 2) , this was not a significant pattern.
In our analysis coppicing was the only trait significantly linked to monodominance. Coppicing occurs in many species after logging or clear felling but many coppices eventually die (HtS pers. obs.). Coppicing is not common as a natural means of regeneration and has been observed mainly in species of Fabaceae genera (Dimorphandra, Dicymbe, Pentaclethra, Spirotropis), one palm (Euterpe oleracea), Humiria and Theobroma cacao 85 . In Dimorphandra and Humiria coppicing is a rapid response to fire damage and species of each can become dominant in Guyana and Suriname in fire-prone savannah-forest ecotones 86 . In closed-canopy forest they are also found as non-coppicing tall trees. Dicymbe species exhibit both EM and very pronounced coppicing in the absence of mechanical disturbance, especially in D. corymbosa, and to a lesser extent D. altsonii 87 . Woolley, et al. 28 hypothesised that the coppicing in D. corymbosa was an evolved response to persistent infections with heart-rot fungi, the adaptive significance being that the coppicing insures persistence of the individual beyond that which would occur with a heart-rotted, single-bole tree. Thus, while coppicing was observed as an important reproduction strategy for some Amazonian tree species or as a major regeneration process in secondary growth forests, none of the above can answer the obvious question as to why more species do not spontaneously coppice in mature forest.
Similar questions can be asked for the EM habit. Seedlings of species with access to an EM network may have higher survivorship, growth and reduced density-dependent mortality relative to AM trees 45 . Ectomycorrhizal associations may also provide a competitive edge by directly accessing organic forms of nutrients in litter, leaving little for saprotrophic fungi or AM mycorrhizae 88 . However, Mayor & Henkel (2006) used reciprocal litter transplants in Dicymbe monodominant forest and mixed AM-dominated forests and found no differences in litter decomposition rate between the forest types, or within the Dicymbe forest between trenched (EM-absent) and non-trenched (EM-present) plots. Conversely, McGuire, et al. 89 found slower litter decomposition in monodominant Dicymbe forest, and lower richness of saprotrophic fungi than in adjacent mixed forest. Although EM has often been linked mechanistically to monodominance 9,43-46 , we did not find a significant relationship between monodominance and EM in the ATDN analysis. This contrasts with the review of Corrales, et al. 48 in which both monodominance and confirmed mycorrhizal type were linked in both the Paleo-and Neotropics, and the majority of fully documented monodominant tree species were EM.
Neither nodulation nor aluminium accumulation were significantly related to monodominance. While N-fixing arguably should confer a large benefit on nitrogen-limited soils, none of the monodominant Fabaceae fix nitrogen, as is the case in the Fabaceae in the wet Afrotropics, where in contrast to Amazonia most dominant Fabaceae are EM e.g. 90 .
At an Amazonia-wide scale Fabaceae dominance and N-fixing appear negatively correlated, and N-fixing Fabaceae do not dominate the most oligotrophic Amazonian ecosystems 56 . N-fixing is more prominent in forests richer in species 56 and appears to have the greatest advantage in tropical dry successional forests 57 . Aluminium accumulation is found predominantly in a select number of families (e.g. Rubiaceae, Melastomataceae, Myrtaceae and Vochysiaceae; see references in Introduction) and one species (Ruizteranea retusa) was found as monodominant in our plots in southern Amazonia, while another monodominant species, Vochysia divergens, has been observed in the Brazilian Pantanal 62 . While aluminium accumulators are found abundantly in the Cerrado south of Amazonia e.g. 61 , they appear rare in wet Amazonian forests. Although domesticated species were the most dominant species on 201 of the 1946 plots, in almost all cases these were Arecaceae, which tend to dominate large stretches of swamp forest in Amazonia (Oenocarpus bataua, Euterpe oleracea, Mauritia flexuosa) and in the case of monodominance only Euterpe oleracea and Mauritia flexuosa. With regard to Mauritia flexuosa this species had already attained high prominence in the Amazonian landscape prior to the arrival of humans 91, 92 . Area had a strong effect on dominance. The 'forest type' with the smallest areal coverage had by far the highest mean dominance (Fig. S5) . It has been argued before that smaller ecosystems in Amazonia would have lower overall tree diversity and more dominant species 66, 93 . This would be in line with ecological theories where equilibria of immigration and extinction maintain diversity 94, 95 . Connell and Lowman 9 noted that "Single-species dominance is of less interest in regions that have smaller species pools" and did "not consider tropical forests at high altitudes, on small islands, or with low or very seasonal rainfall and/or extreme soil conditions, for example, frequently flooded freshwater swamps or mangrove forests, all habitats with few species". In the Amazon, however, this may be the most common road to monodominance. Nascimento, et al. 19 also argued that drainage and other edaphic factors drive monodominance of Peltogyne gracilipes in one Amazonian forest. Similarly, Draper, et al. 79 argued that the extreme environmental conditions of Amazonian peatland forests (waterlogging and low fertility), contributed to monodominance of Mauritia flexuosa and Pachira nitida. In the case of classical monodominance of the Congolian G. dewevrei, the discussion is ongoing. Kearsley, et al. 21 suggested that "environmental filtering prevailed in the monodominant G. dewevrei forest, leading to lower functional diversity in this forest type, with the dominant species showing beneficial traits related to its common riverine locations and with reduced soil N and P availability found in this environment, both co-regulating the tree community assembly". Others, however, found no edaphic differences between the monodominant G. dewevrei forest and adjacent mixed forest 25, 26 , a result also found with monodominant D. corymbosa in Guyana 23, 46 . Environmental filtering would also not explain the extreme monodominance of G. dewevrei over hundreds of km 2 of upland area in the Congo region 11, 96 . We were unable to test for basal area monodominance here as the majority of plots in the ATDN lack stem diameter measurements. Instead we used the number of individuals as our metric to determine monodominance. While this is an easily available measure, others have taken basal area and estimates of above-ground biomass as metrics. Monodominant species can differ at the plot level, e.g. D. corymbosa can have less than 60% of all individuals ≥ 10 cm dbh in some plots, but exhibit 80-90% basal area dominance, due to its complete dominance of individuals in the very large size classes 23 . Such a stand is still most definitely monodominant, in terms of a single www.nature.com/scientificreports www.nature.com/scientificreports/ species commanding the majority of site resources, and in these same stands conspecifics will always be dominant in the seedling and sapling classes. Connell and Lowman 9 pointed out that monodominance can be defined as a single species comprising >60% of individuals >10 cm dbh, or >60% of stand basal area, or both, and be considered "monodominant".
While seed mass, shade tolerance, and longevity may theoretically lead to monodominance 15, 16 , we find little support for these traits as being causal to monodominance. While monodominance can be mechanistically related to EM and coppicing, very few tree species have used these traits to dominate Amazonian forests. Large stands dominated by single species appear linked primarily to edaphic factors, such as swamps (e.g. many palm species), nutrient poor floodplains (Eschweilera tenuifolia, Macrolobium, Triplaris, Symphonia) and soils with poor drainage (Micrandra spp.) 80 , white sands (Dicymbe, Eperua, Aldina), soil chemical constraints (Peltogyne, Brosimum), or may be related to fire history (Dimorphandra).
In summary, we found that monodominance, as defined by stem abundance, is extremely rare in Amazonian tropical forests, at least within the extensive ATDN dataset, and found little support for a single mechanism for monodominance. The occurrence of monodominance was most strongly linked to metacommunity dynamics of small rare ecosystems, such as white sands, peats and flooded areas. Because the edaphic differences of the forest types with smaller fragmented areas (white sand forests, Várzea, Igapó and swamp forests) with the major forest type in the Amazon (terra firme), the "forest types" in Amazonia have their to a large extent a distinct tree flora. Within these areas dominance may be in part attributed to chance -the smaller and more fragmented the forest type area, the higher the chance for local dominance.
Material and Methods
All tree data were derived from the Amazon Tree Diversity Network (ATDN, http://atdn.myspecies.info/), comprised of a long-term data set now containing >2000 tree inventory plots across Amazonia. Our analyses were based on 1946 plots, comprised of 127 families, 798 genera, and 5027 identified tree species. All analyses were performed using the R programming language 97 . Firstly, dominance was calculated by plot. Dominance was defined as the relative abundance of the most abundant tree species within the community and was calculated as:
where N d is the number of individuals of the most abundant species and N tot the total number of individuals in the tree plot (Dominance calculated this way is also known as the Berger-Parker index). We calculated rank dominance curves for dominance based on plots and mapped dominance across Amazonia. To study which families have more dominant species than expected by chance we listed all species with dominance over eight dominance classes (20-90%) by family. Then, with a Monte Carlo randomization test (1000 randomizations) we determined which tree families have more dominant/competitive species in each dominance class than expected by chance (based on the total number of tree species in the family). Maximum relative abundance of each species was also calculated, thus including species that were never the most dominant species in a plot. As we carried out as many tests as there are families at an error level of 5%, we can expect that at least 5% of the families may become false positives. We tested this by calculating for each of the 1000 randomizations how many families met this criterion and calculated mean and standard deviation. If the number of families found was significantly higher than this mean we applied Bonferroni correction (adjusting p as (p/number of families)), to find those families that were most likely to be the true positives of this test.
To test for competitive exclusion as a mechanism for dominance we used the percentage of pioneer species (log transformed to normalize the data) at plot level, as a proxy for disturbance 36, 38, 84, 98, 99 . We identified pioneers by combining low wood density and low seed mass under the condition (WD < 0.7 Λ SMC < 4, Fig. S2 ) sensu 99 . We used a loess regression to test for a relationship between the disturbance proxy and dominance at plot level.
To test if particular traits are linked to monodominance we examined two traits, wood density and seed mass, that are generally linked to longevity and dominance 39, 100 . We calculated the community weighted average for both wood density and seed size as follows:
where CWA is the community weighted average, ∑N i is the sum of the number of individuals with trait data, trait is the corresponding trait value on genus level for either wood density or seed mass class and ∑N is the total number of individuals in the tree community. We then carried out a loess regression to assess the relationship between the CWA of the functional traits and dominance.
To test if an EM association may lead to dominance we checked the most recent literature for confirmed EM tree species 101 . We tested if EM is more abundant on monodominant plots and if EM species are more likely to be monodominant. For a similar test for nodulation we used Sprent 102 and Soltis, et al. 103 . For aluminium accumulation we used Jansen et al. (2002 Jansen et al. ( , 2003 ) and references therein. There is no single source for intrinsic coppicing, a means of persistence once an individual is established, in tropical trees -this information was collected from observations on our plots. We tested the association with Monte Carlo randomizations (n = 10,000).
To test if an area effect may lead to (mono-)dominance we used ANOVA to test if monodominance is more common in the forest types that have a smaller extent in Amazonia: white sand forest (4.6%) 104 , igapó and várzea (10%) 104, 105 and swamps (1.7%) 106 , compared to terra firme which covers most of the remaining area. The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
